While wild silkworms have served humans for several thousand years, little attention on cold hardiness has been paid to these economically important species. In the present study, supercooling capacity and low temperature tolerance of Chinese oak silkworm, Antheraea pernyi (Gué rin-Mé neville) (Lepidoptera: Saturniidae), an economic insect reared both for silk production as well as human food, were examined under laboratory conditions. The supercooling points (SCPs) of pupae dropped significantly from a mean of À15.6 C in prediapause to À20.1 C in diapause, and then increased to À17.5 C during postdiapause development. Sex and voltinism influenced body mass but had no significant effect on the SCP. Our data demonstrated that cold tolerance of A. pernyi is tightly linked to life stage. Exposure of eggs to À5 C for up to 8 h had no effect on the hatching rate, whereas silkworm larvae failed to break through the chorion and hatch following a 4-8-h exposure to À10 C. Mean SCPs of intact eggs and naked larvae one day before hatching were similar, À23.3 C and À22.3 C, respectively, indicating that chorion does not significantly affect SCP. Comparison of lower lethal temperature (LLT 50 ) and SCP means suggested that both pupae and eggs of A. pernyi are chill intolerant. These data will improve our understanding of low temperature tolerance in this commercially important species.
Insects have adopted a combination of strategies to avoid the damaging effects of exposure to low temperature (Lee 2010) . Most enter diapause and/or develop cold tolerance to deal with winter or low temperature. Insect diapause is a process, the arrest in development, that can be further divided into four physiological phases under natural conditions: prediapause, diapause, postdiapause quiescence, and postdiapause development (Ko st al 2006) . Diapause and cold tolerance are essential components of winter survival for most insects (Denlinger 1991) . The relationship between the two components remains a controversial topic in insect cryobiology (Hodkova and Hodek 2004) . Some studies demonstrate that cold tolerance is closely associated with diapause (e.g., Saunders and Hayward 1998) , while others show that it is independent of diapause (e.g., Tanaka 1997) .
Cold tolerance refers to the capacity of a species to survive longor short-term exposure to low temperature (Lee 1991) . This capacity is affected by a variety of factors, including developmental stage, season, duration of exposure, nutritional status, sex, age, different cooling rates, and repeated exposures (Renault et al. 2002 , Bemani et al. 2012 . Insects are generally classified into two major categories: freeze intolerant and freeze tolerant (Lee 1991) . Freeze tolerant insects tolerate the formation of extracellular ice within the body, whereas freeze intolerant insects avoid the freezing of their body water (Baust and Rojas 1985, Zachariassen 1985) . Freeze intolerant insects are further divided into two subtypes: freeze avoidance or intolerance and chill intolerance (Lee 2010) .
The supercooling point (SCP) is the temperature at which an insect's internal fluid freezes. Determination of the SCP is a basic measurement of cold tolerance in insects . The SCP is an indicator of the lowest lethal temperature, although death may also occur at temperature well above the SCP Denlinger 1985, Denlinger 1991) . In addition to the SCP, lower lethal temperature and lethal time have been used as indices of cold tolerance (Watanabe 2002 , Morey et al. 2012 . In combination with the SCP, the lower lethal temperature can be used to categorize an insect's response to cold by exposing the insect to temperature around the mean SCP and measuring mortality. The insect is freeze intolerant if most mortality occurs at the SCP, freeze tolerant below the SCP, and chill intolerant above the SCP (Lee 2010) .
The study of cold hardiness is of great interest Denlinger 1991, Gazit 2014) , and cold hardiness has been examined for many insects including economically important agricultural and forest pests and experimental insects. Although wild silkworms, including Chinese oak silkworm Antheraea pernyi (Guérin-Méneville), Japanese oak silkworm Antheraea yamamai (Guérin-Méneville), Indian tropical tasar silkworm Antheraea mylitta (Drury), eri silkworm Samia cynthia ricini (Donovan), have served humans for several hundred years, little is known about the cold hardiness of these species.
Chinese oak silkworm is one of the well-known wild or semidomestic silkworms that are commercially cultivated to produce wild silk and as a human food source of high-quality protein. Historic records provide a preponderance of evidence that the domestic type of A. pernyi was domesticated in central and southern areas of Shandong Province in China in the 16th century (Liu et al. 2010) , and then introduced by human commerce into present habitations including China, Japan, Korea, Ukraine, Russia, and Spain. In China, >120 strains with different economic traits have been developed, and they are classified into two voltine types. In southern China (e.g., Henan Province), a univoltine strain passes the summer and winter as a pupa in diapause, while in northern China (e.g., Liaoning Province), a bivoltine strain produces two generations a year and enters a diapause in winter. This pupal diapause can be maintained under short day conditions (Williams and Adkisson 1964, Wang et al. 2015) . Larvae of this species are reared on oak trees in the field, and pupae within cocoons are stored indoor after harvest. Thus, low temperature, especially frost, often damages 1-3 instar larvae during early spring and the fifth instar larvae during late autumn (Liang 1985) . In addition, low temperature storage (0-8 C) is a useful tool for seed egg production for regulation of the development of embryos at an appropriate period (Zhou and Wang 1982) , and in pupae preservation.
In practice, low temperature represents a major survival challenge for larvae of this insect, with a maximum reduction record of 70% (Liang 1985) . The effect of low temperature on A. pernyi pupae has been explored in the early part of the 20th century. The lower lethal temperature for diapause pupae of A. pernyi was recorded to be À20 C (cf., Yamazaki et al. 1953) . The effect of low temperature on oak silkworm pupae for a short-term period was also investigated and showed that cold hardiness of female pupae was higher than male pupae (Kurasawa and Koyawa 1950) . The oak silkworm pupae could not survive when exposed to À10 C for a long period and the overwintering capacity of the univoltine strain was higher than that of the bivoltine strain (Yamazaki et al. 1953) . It has been reported that pupal diapause could be terminated by treatment at À18 C for 4 d, although this procedure caused a death rate of about 20% (Zhan et al. 2000) . Thus, we have limited knowledge about cold tolerance of this economically important insect.
This wild silkworm has a great potential to serve as a good model species for basic and applied research on cold tolerance of insects. Here, we examine ontogenetic changes in SCP for pupae of A. pernyi during diapause development and determine the SCP for eggs and larvae under laboratory conditions. Voltinism and sex exhibit significant effect on fresh weight of pupae, and this prompted us to measure the effects of these factors on the SCP. In addition, we examine the cold tolerance of eggs, larvae, and pupae by quantitative assessment of survival at subzero temperatures. Since this insect produces a relatively large egg, about 0.07 g in weight and 2.5 by 2.2 mm in size, it is easily possible to remove the mature pharate first-instar larvae from the chorion and thus also evaluate the role of chorion on the cold hardiness. This research, the first to document supercooling capacity along with cold tolerance in A. pernyi, will improve our understanding of low temperature tolerance in this commercially important species.
Materials and Methods

Insects
Larvae of a univoltine strain of A. pernyi used in this experiment fed on oak trees in the field at the Sericultural Experiment Station of Henan Province, Nanyang (112 21 0 E, 34 40 0 N), China, until cocoon formation. They pupated in early June, 2014 and within 2 wk were sent to the Denlinger laboratory at Ohio State University, under U.S. Department of Agriculture permit No. P526P-14-01794 (number of pupae, n ¼ 1000). All pupae were held at 25 C with a photoperiod of 9:15 (L:D) h once received, conditions that resulted in a continuation of diapause for diapausing pupae but prompted pupal-adult development for nondiapausing pupae. All nondiapause pupae emerged as adults within 30 d. The diapause incidence was 94% for the univoltine strain. The diapause state was maintained in pupae under those conditions (observation period, 30 wk). The nondiapausing pupae from the univoltine strain were used to produce eggs in this experiment. Female moths were coupled with males and allowed to oviposit over a 12-h period, and eggs were incubated at 25 C with a photoperiod of 15:9 (L:D) h throughout embryonic development. In this case, most eggs hatched on day 10. Newly hatched larvae were reared on oak leaves in a transparent plastic box at 25 C with a photoperiod of 15:9 (L:D) h until the first larval molt. Pupae of a bivoltine strain reared at the Sericultural Institute of Liaoning Province, Fengcheng (124 04' E, 40 27' N), China, were also imported to the Denlinger's laboratory in late November, 2014.
20-Hydroxyecdysone Treatment
To synchronously initiate pupal-adult development in large groups of >100-d-old diapausing pupae, 20-Hydroxyecdysone (20-E) from Sigma (St. Louis, MO) was used, as described (Liu et al. 2015) . Injection of 20-E (20 lg) elicited development in nearly 100% of diapause pupae. After injection of 20-E, diapause pupae were kept at 23 C with a photoperiod of 9:15 (L:D) h, and all emerged as adults within 30 d. Once diapause was terminated with 20-E, the development time-table for adult development was identical to that observed in nondiapausing pupae.
Determination of Supercooling Point
Supercooling points (SCP) of individual pupae (n ¼ 16-20) were measured by positioning a thermocouple connected to a recording multilogger thermometer (HH506RA, Omega) as described previously (Lee and Denlinger 1985) . The specimen was attached to the thermocouple by adhesive tape in direct contact with the pupal integument, and then was placed in a glass tube with a cotton cap. The tube was immersed in a refrigerated ethanol bath at À70 C that was cooled at a rate of 1 C per minute. Eggs and first-instar larvae were restrained individually in a plastic micropipette tip and then placed in a glass tube with a cotton cap. From the graphic curve developed with HH506RA software, the SCP could be determined. The SCP was reported as the lowest temperature recorded before an exothermic event occurred due to the release of the latent heat of fusion as body water freezes (Lee and Denlinger 1985) .
Determination of Lethal Temperature and Lethal Time
To assess intrinsic cold-shock tolerance (the ability to survive exposure to a subzero temperature in the absence of a preparatory coldhardening treatment) , the exposure temperature (Ltemp 50 ) and time (Ltime 50 ) required to kill 50% of the specimens were calculated in this experiments. Rapid cooling was used for diapause pupae, eggs, and larvae. Ten diapause pupae (three replications) that were covered, but not sealed, with dissected cocoons to prevent extrusion were transferred to a conical glass flask (250 ml; PYREX, Germany) and capped with sealing film (Parafilm). The conical glass flask containing pupae were then placed in a lowtemperature ethanol bath (Model HAAKE Phoenix II, C35P; Thermo Fisher Scientific Inc.) at the desired constant temperature (À25, À20, À18, À15, À10, À5 C) for 24 h and at À15 C for different days (1, 2, 4, 7, 10, 14) . Following exposure to cold stress, pupae were directly held at 25 C with a photoperiod of 14:10 (L:D) h for 20 d and their development fate recorded. Pupae were dissected and considered dead if visible signs of necrosis were evident: hemolymph of the dead pupae was black in color.
Eggs, 20 that were 7 d after oviposition (three replications), were transferred to a plastic centrifuge tube (1.5 ml) and then placed in a low-temperature ethanol bath at a constant temperature (À17.5, À15, À12.5, À10, À7.5, À5, 0 C) for 2 h, and at À5 or À10 C for different periods (0, 1, 2, 3, 4, 6, 8 h). Following these exposures, the eggs were held at 25 C with a photoperiod of 14:10 (L:D) h until hatching. At day 4 after hatching, the number of hatched larvae were recorded and unhatched embryos were dissected. Unfertilized egg were removed from analysis. According to their developmental characteristics (Table 1) , we divided the unhatched embryos into two groups, mature pharate first-instar larvae (black in body color), and embryos that died at an earlier stage (white body color, with green content).
For larval experiments, 20 first moulting larvae that were attached to oak leaves (three replications) were transferred to a plastic centrifuge tube (50 ml) and then immersed in a low-temperature ethanol bath at the desired constant temperature (À20, À15, À10, À5, 0 C) for 1 h. Treated larvae were then held at 25 C with a photoperiod of 14:10 (L:D) h. Three days after treatment, the number of newly molted second-instar larvae with yellow body color were recorded.
Effect of the Chorion on Supercooling Capacity
To evaluate the effect of the chorion in protecting the silkworm embryos from chilling injury, pharate first-instar larvae were removed from the chorion at day 9 after ovipostion, one day before normal hatching. The SCP was then recorded for the naked pharate firstinstar larvae. Intact eggs served as controls.
Determination of Body Mass and Water Content
Fresh mass (FM) was measured for 16-20 pupae, or 20 eggs (three replications) using an ultra-microbalance (Mettler UMT2). Weighed specimens were dried at 60 C for 10 d in an oven (Model 255G, Fisher IsoTemp oven), and reweighed to determine dry mass (DM). Water mass (WM) was determined by subtracting DM from FM.
Statistical Analysis
Differences between treatment means of data were compared by ttest and one-way ANOVA (SPSS 2000) . A nonlinear trend line and the LT 50 value for lower lethal temperature and lower lethal time were calculated using GraphPad Prism 5 (GraphPad Software).
Results
Short Daylengths Maintain Pupal Diapause for at Least 200 Days
As a long day species, A. pernyi pupae remain in diapause during short day conditions (Williams and Adkisson 1964, Wang et al. 2015) . In the present experiment, we observed that 80% of the pupae from the univoltine strain remained in diapause for an observation period of 200 d (number of pupae, n ¼ 30) when stored under short daylengths (photoperiod of 9:15 [L:D] h) at 25 C. The 200-dold diapause pupae emerged as adults within 25 d when they were injected with 20 lg of 20-E and then stored at long day conditions (number of pupae, n ¼ 20), indicating that they all were alive.
Ontogenetic Change of SCP during Pupal Diapause Development
In a previous study, we developed a reliable morphological marker by observing the color change of a transparent window above the brain to determine the timing of diapause termination of A. pernyi pupae (Liu et al. 2015) . In this experiment, the developmental marker was used to remove any developing pupae from the sample. To obtain large numbers of synchronously staged, postdiapause pupae, 18-wk-old diapause pupae were injected with 20-E to terminate diapause (Liu et al. 2015) . Only male pupae were used to measure the ontogenetic change in SCP values during diapause development (Fig. 1) . The SCP decreased precipitously during the first 45 d after pupation, from a mean of À15.6 6 2.23 C to À20.1 6 1.62 C (df ¼ 34, P < 0.0001). Values were then maintained at almost the same level with the range between À18.6 6 2.58 C and À20.1 6 1.62 C (df ¼ 30, P ¼ 0.056) during the 85-d observation period. After termination of diapause by 20-E treatment, defined as the postdiapause stage, SCPs began to increase, from À18.3 6 1.44 C on day 12 to À17.5 6 3.50 C on day 19. On day 12 after 20-E injection, the transparent window mentioned above became milk white, and by day 19, this region of the cuticle had turned red. The values showed an extremely significant difference between day 130 of diapause stage (-19.7 6 1.41 C) and day 19 of postdiapause stage (df ¼ 34, P < 0.05). Among 144 individuals tested, some pupae supercooled to as low as À22.5 C. However, mean fresh weights of pupae stayed at a similar level from day 15 after pupation to day 130 of diapause, indicating that the change of SCPs was independent of fresh weight of pupae.
Effect of Sex on SCP of Diapause Pupae
In this experiment, diapausing pupae on day 30 after pupation were used. We first evaluated the effect of sex on fresh weight in A. pernyi, and the results revealed that female pupae had a significantly higher fresh weight than male pupae (df ¼ 38, P < 0.0001; Fig. 2A) . This difference prompted our further assessing the effect of sex on SCP. The mean SCP was À17.7 6 3.15 C and À19.2 6 1.60 C for male and female pupae, respectively; this did not represent a significant difference (df ¼ 38, P ¼ 0.071). This result indicates that sex has no effect on the SCP, as observed in pupae in the corn earworm 
Effect of Voltinism on SCP of Diapause Pupae
It has been observed that the overwintering capacity of the univoltine strain was higher than that of the bivoltine strain (Yamazaki et al. 1953) . Does this imply that the univoltine strain has a higher SCP than the bivoltine strain? To test whether voltinism can influence the SCP, diapausing male pupae of the two types of voltinism were used. The univoltine strain was reared in Nanyang (112 21 0 E, 34 40 0 N), Henan Province, and the bivoltine strain was from Fengcheng (124 04' E, 40 27' N), Liaoning Province, China. Our data revealed that fresh weight of diapause pupae was significantly affected by voltinism (df ¼ 26, P < 0.001; Fig. 2B ). However, the mean SCPs of À20.1 6 1.62 C and À18.8 6 1.90 C for univoltine and bivoltine pupae were not significantly different (df ¼ 26, P ¼ 0.072).
Relationship Between SCP and Water Content
Some studies have demonstrated a tightly positive correlation between SCP and water content (e.g., Xu et al. 2015) , while other studies report no difference (e.g., Han and Bauce 1993) . In this experiment, the relationship between SCP and water content was assessed ( Fig. 3) . Water content showed little change between days 45 and 70 of diapause, but a significant decrease occurred during the following 30 d, from 77.38 to 75.22% (df ¼ 30, P < 0.001). Then, the water content was maintained at a similar level during diapause and postdiapause stages. As shown in Fig. 3 , the correlation between profiles of SCP and water content was not consistent, suggesting that supercooling capacity and water content may be independent (Renault et al. 2002) .
Supercooling Capacity of Eggs and Larvae
The ontogenetic changes in SCP in eggs during embryonic development as well as in first-instar larvae were determined (Table 1) . The mean SCP in eggs increased gradually as the embryos developed, from À25.4 C on day 6 to À23.3 C on day 9. For first-instar larvae, the mean SCP were À12.8 C. A significant difference in SCP was observed between first-instar larvae and day 9 embryos (df ¼ 28, P < 0.01). 
Role of Chorion on Supercooling Capacity
The relatively large egg of A. pernyi provides an opportunity to evaluate the role of the chorion (or egg shell) on supercooling capacity of the embryos. To test the effect of the chorion in supercooling capacity of A. pernyi embryos, we compared the supercooling capacity of intact eggs and naked pharate first-instar larvae removed from the chorion at the same developmental day ( Table 1 ). The mean SCP was À23.3 C and À22.3 C for intact eggs and naked pharate larvae, respectively, showing no significant difference (df ¼ 38, P ¼ 0.065).
Low Temperature Tolerance
In all cases, low temperature above the SCP was lethal if the duration of exposure was sufficiently long. This type of chilling injury increased with a decrease of treatment temperature and an increase of exposure length (Fig. 4) .
Survival rates of diapause pupae at À15 C, À10 C, and À5 C were not significantly different, but survival declined significantly at À18 C, with a value of 43.3 6 5.77%, and suddenly dropped to 10 6 10% at À20 C (Fig. 4A) . The estimated LTemp 50 value of diapause pupae exposed to low temperature for 24 h was À17.86 C.
Mortality rates of diapause pupae at À15 C increased with increasing duration of exposure (Fig. 4B) , but there was no significant difference within the first 7 d. Mortality rates rose significantly between day 7 and day 10 (16.7 6 5.77% vs. 43.3 6 5.77%; df ¼ 4, P ¼ 0.0048) and between day 10 and day 14 (df ¼ 4, P ¼ 0.0078). The estimated LTime 50 value of diapause pupae at À15 C was 9.8 d.
Hatch rates or survival rates of eggs at À10 C or higher were not significantly different, but suddenly dropped to zero at À12.5 C (Fig. 4C) . The estimated LTemp 50 value of eggs exposed to low temperature for 2 hrs was À11.11 C.
Mortality rate of eggs at À10 C also increased with increased duration of exposure (Fig. 4D ). A significant rise was observed between 2 and 3 h (22.3 6 3.21% vs. 49.3 6 7.51%; df ¼ 4, P ¼ 0.0046), but there was no significant difference between 3 and 4 h, and between 4 and 6 h. Mortality rate increased to 100% at 8 h. The estimated LTime 50 value of eggs at À15 C was 2.9 h.
Survival rate of first-instar larvae was 98.7 6 1.15% at À5 C but decreased significantly at À10 C to a value of 63.4 6 3.50%, and suddenly dropped to 3.63 6 0.35% at À15 C and to 0% at À20 C (Fig. 4E) . The estimated LTemp 50 value of first-instar larvae exposed to low temperature for 1 h was À10.25 C.
Our data showed that the survival rates at À10 C and À15 C for 1 h were 100 and 100% for diapause pupae, 100 and 77.7 6 3.21% for eggs, 63.7 6 3.86 and 3.63 6 0.35% for firstinstar larvae, respectively. These results demonstrated that cold tolerance is tightly linked to life stage: pupa is the hardiest stage to lower temperature, followed by eggs and then larvae (Fig. 4F ). This is also reflected in LTime 50 values (survival time for 50%).
Chilling Decreases Hatch Capacity of Embryos
The relatively large egg produced by A. pernyi also provides an opportunity to detect the cause of death by removing the chorion after low temperature exposure. In this experiment, the fate of silkworm eggs exposed to low temperature was investigated. When exposed to À5 C for up to 8 h, all eggs developed and hatch rates ranged from 89 6 4.28% to 95.1 6 2.93%. However, there were no significant differences among different exposure time groups at À5 C (t-test; P > 0.5). When eggs were exposed to À10 C for various time periods, hatch rates gradually decreased with increase of exposure time, ranging from 96.7 6 2.89% for 1 h to 36.3 6 3.21% for 6 h (Fig. 5A) . No larvae hatched out of the chorion with an 8-h exposure at À10 C. To detect the developmental stage at death, unhatched eggs were dissected, and the results showed that most were fully developed pharate first instars with black bodies; some were still alive.
We also performed another experiment by chilling for 2 h at À10, À12.5, and À15 C to investigate the fate of embryos. As shown in Fig. 5B, 100% of the tested eggs treated at À10 C hatched, but none of larvae hatched after exposure to À12.5 and À15 C. Dissection revealed that in the À12.5 C treatment group 78.8 6 3.7% of unhatched embryos were fully developed pharate first-instar larvae and the remaining died at an earlier stage; in the À15 C treatment group all unhatched embryos died prior to reaching the pharate first-instar stage. According to morphological characters (Table 1) , death occurred at a developmental stage equivalent to day 6 embryos (unpigmented mouth parts and green content).
Discussion
In A. pernyi, it is challenging to distinguish late prediapause from diapause, although this species has been used as a classic model for diapause for many years (Williams and Adkisson 1964, Wang et al. 2015) . A tight correlation between diapause and the SCP value under laboratory conditions has been noted in some other species Denlinger 1985, Han and Bauce 1993) . In these studies, SCP values drop from prediapause to the diapause stage and remain at low levels throughout diapause, and then increase in postdiapause 5 . The fate of silkworm embryos (A) exposed to À10 C for various time periods and (B) exposed for 2 h at different temperatures. The unhatched eggs were all dissected to determine the developmental stage according to the morphological characters. Columns with the same letters (a-c) are not significantly different (t-test; P < 0.01).
stage. Our data reveals a similar ontogenetic pattern in SCP values during A. pernyi pupal diapause development, thus indicating that the SCP value is closely associated with diapause. The ontogenetic change in SCP value reveals that pupae of A. pernyi enter diapause on day 45 after pupariation under short day conditions (photoperiod of 9:15 [L:D] h) at 25 C. A low respiration rate is an indicator of diapause in insects (Denlinger 1985, Sonobe and Nakamura 1991) . The respiration rate in A. pernyi pupae during diapause at room temperature has been monitored (Zhang et al. 1994) , and exhibited a similar ontogenetic pattern with that observed for the SCP. The respiration rate dropped sharply during the first 30 d after pupation, remained at a low level and rose markedly after diapause termination. Taken together, we suggest that prediapause stage of this species can be defined as the first 45 d after pupation in the present experimental conditions.
The present experiment reveals that tissue freezing is lethal for A. pernyi pupae regardless of diapause status, as well as egg and larvae. Pupae can survive low temperature near their SCPs as long as freezing does not take place. In all cases, low temperatures above the SCP were also lethal if the duration of exposure was sufficiently long. Our results showed that the LT 50 of both diapause pupae and eggs were warmer than their respective SCPs, indicating that A. pernyi pupae and eggs are unable to withstand freezing and are subject to much prefreeze mortality. Therefore, we believe it is more accurate to consider this species, at least in the embryonic stage, to be chill intolerant.
In the present experiment, we demonstrated a gradual increase in SCP from 6-to 9-d-old eggs (one day before hatching), which is in line with SCPs previously reported in eggs of the locust Locusta migratoria L. (Jing and Kang 2003) . The results suggest that the supercooling ability of the eggs in insects is related to the phase of embryogenesis.
The present experiments also revealed that the SCP of A. pernyi is the lowest in eggs, followed by pupae and then larvae, with significant differences among these three developmental stages, a result that clearly indicates that different stages of an insect can be expected to have different SCPs (Koch et al. 2004 , Bemani et al. 2012 , Boychuk et al. 2015 . The SCP is, however, not an adequate measurement of cold tolerance and must be supplemented with cold exposure experiments , Andreadis et al. 2005 , Jones et al. 2008 , Hanson et al. 2013 ). Among the three developmental stages detected here in A. pernyi, the lowest SCPs were recorded in eggs; however, they did not exhibit the highest cold tolerance. Generally, insect eggs, including A. pernyi, are small, subspherical smooth structures that contain a high concentration of organic compounds (e.g., sugar) and lack nucleating agents that can induce the formation of ice crystals (Block 1982 , Lee 1989 ). These reasons result in a high susceptibility to freezing for eggs although they frequently exhibit a stronger ability to supercool than pupae and larvae (Vernon and Vannier 1996 , Chauvin and Vannier 1997 , Carrillo and Cannon 2005 .
Earlier studies have shown that chilling can significantly decrease hatch rate or survival rate of eggs from insects, snail and nematodes (Wharton et al. 1993 , Jing and Kang 2003 , Hao and Kang 2004 , Ansart et al. 2007 ). However, the causes of death under such conditions remain poorly known. One possibility is that chilling directly kills the embryos during the tested period. Another possibility is that chilling causes the tested embryos to lose their capacity for hatching, even though they can complete embryonic development. Our experiment of exposure of A. pernyi eggs for 2 h at different temperatures exhibited an interesting result. Exposure to À12.5 C, 21% of the embryos died, while 79% were fully developed pharate first larvae that lacked hatching ability.
The insect eggshell (chorion) is of interest because it is remarkably effective in providing the oocyte with protection against physical insult and against dehydration. The Lepidoptera eggshell has an air-filled structure connected to the outside by means of aeropyles (Fehrenbach et al. 1987 ). In the nematode Globodera rostochiensis (Wollenweber), the eggshell can prevent exogenous ice nucleation during freezing and allow the eggs to supercool in contact with water (Wharton et al. 1993) . It is also known that an eggshell can prevent inoculative freezing and allow for supercooling in Antarctic nematodes that have exceptional cold tolerance abilities (Wharton 1994 ). In the present study, we observed a similar SCP value between intact eggs and naked pharate larvae, suggesting that the eggshell do not affect the SCP.
Short-term storage of eggs is vital for production of this species during spring. The egg of A. pernyi is not capable of remaining dormant; they hatch into larvae within 10 d at 25 C. To maximize production, eggs need to be stored at low temperature for a certain period to coordinate development with development of oak tree leaves during early spring. Currently, the limit of storage duration of A. pernyi eggs at low temperature is reported to be 12 d at 2-8 C (Qin 2003) . The longer eggs are stored at low temperature (7-8 C), the lower are the egg viability and vitality during later stages (Zhou and Wang 1982) . Traditionally, diapause eggs of the mulberry silkworm Bombyx mori L. are placed at 2.5-5 C for long-term storage; however, a new method has been developed through which diapause eggs can be preserved at À2.5 C for 2 yr (Shimizu et al. 1994 , Iizuka et al. 2008 ). These results prompt our asking whether eggs of A. pernyi can be stored at subzero temperature of À2.5 C or lower for a short-term period. The information from our experiment that no significant effect on hatch rates of eggs exposed to À5 C up to 8 h provides some evidence that eggs may be able to survive limited periods of subzero temperatures in the field. Future experiments will probe hatch rate of eggs and vitality of subsequent larvae that are exposed to subzero temperatures for longer periods.
Larvae of A. pernyi are normally reared in the field. During early spring and late autumn, larvae are often injured by frost events. Frost damage has become a serious problem for oak silkworm production in China, causing severe damage and considerable yield loss of pupae and cocoons (Liang 1985) . Therefore, it would be attractive to develop cold-resistant strains for practice use. Since no research has addressed this issue, no cold-resistant strains are currently available, although >120 strains have been developed in China. In fruit crops, resistance to freezing temperatures are variable among cultivars (Garcia-Montiel et al. 2010 , Longstroth 2013 , Salazar-Gutiérrez et al. 2014 . In some insects, a significant effect of geographical populations on SCPs has been observed, e.g. eggs of the hemlock looper Lambdina fiscellaria (Guenée) (Vallières et al. 2015) , and pupae of the fall webworm Hyphantria cunea (Xu et al. 2015) . Significant differences also exist in cold hardiness of eggs among different geographical populations of the yellow spotted longicorn Psacothea hilaris (Pascoe) (Shintani et al. 1999) . A significant difference of cold hardiness of eggs among four geographical populations of the locust L. migratoria have been observed (Jing and Kang 2003) , although their SCPs do not differ significantly. In fruit fly Drosophila melanogaster (M€ annchen), a great increase in coldshock tolerance has been found by selection of cold-resistant lines after 10 generations (Chen and Walker 1993) . Taken together, these results suggest it may be possible to breed cold-resistant strains of A. pernyi although the SCPs do not differ significantly between univoltine and bivoltine strain tested in this study. Future experiments will examine variation in supercooling capacity and cold hardiness in different strains of A. pernyi. The inheritance of the cold-resistant trait will be evaluated if we succeed in developing a cold-resistant strain.
